Introduction
Preserving the vascular lymphatic barrier is essential to maintain tissue fluid homeostasis and immune cell trafficking to perform immune surveillance. The integrity of the lymphatic vasculature relies on the adhesive and mechanical properties of specialized junctions on lymphatic capillaries that allow unidirectional entry of fluids, solutes, and immune cells draining into larger collecting vessels. A defect in the lymphatic drainage is associated with severe edema, which is an aggravating factor in a large spectrum of pathologies such as heart ischemia, lymphedema, and chronic inflammatory diseases (1) .
In particular, recent literature demonstrated that lymphatic drainage plays a major role in myocardial infarction (MI) (2) . MI is caused by a left coronary obstruction that leads to an orchestrated series of events, initiated by immune cell infiltration (inflammatory phase), and followed by edema and an adverse left ventricular remodeling, chronic inflammation, fibrosis, and angiogenesis. Ischemic heart exhibits a dysfunctional lymphatic network that participates in the development of chronic myocardial edema and aggravates cardiac dysfunction (2, 3) . Therefore, improving the integrity of the lymphatic vascular wall remains an emerging challenge in cardiovascular biology. VEGF-A is the first vascular growth factor identified to improve angiogenesis after MI (4) . However, phase II clinical trials have shown that VEGF-A is not efficient in improving the contractile function of ischemic heart (5). To date, our understanding about the molecular mechanisms leading to a restricted activation of lymphatic vessels in diseases has been mainly associated with VEGF-C/VEGFR-3 signaling. VEGF-C, the major lymphangiogenic growth factor Lymphatic endothelium serves as a barrier to control fluid balance and immune cell trafficking to maintain tissue homeostasis. Long-term alteration of lymphatic vasculature promotes edema and fibrosis, which is an aggravating factor in the onset of cardiovascular diseases such as myocardial infarction. Apelin is a bioactive peptide that plays a central role in angiogenesis and cardiac contractility. Despite an established role of apelin in lymphangiogenesis, little is known about its function in the cardiac lymphatic endothelium. Here, we show that apelin and its receptor APJ were exclusively expressed on newly formed lymphatic vasculature in a pathological model of myocardial infarction. Using an apelin-knockout mouse model, we identified morphological and functional defects in lymphatic vasculature associated with a proinflammatory status. Surprisingly, apelin deficiency increased the expression of lymphangiogenic growth factors VEGF-C and VEGF-D and exacerbated lymphangiogenesis after myocardial infarction. Conversely, the overexpression of apelin in ischemic heart was sufficient to restore a functional lymphatic vasculature and to reduce matrix remodeling and inflammation. In vitro, the expression of apelin prevented the alteration of cellular junctions in lymphatic endothelial cells induced by hypoxia. In addition, we demonstrated that apelin controls the secretion of the lipid mediator sphingosine-1-phosphate in lymphatic endothelial cells by regulating the level of expression of sphingosine kinase 2 and the transporter SPNS2. Taken together, our results show that apelin plays a key role in lymphatic vessel maturation and stability in pathological settings. Thus, apelin may represent a novel candidate to prevent pathological lymphatic remodeling in diseases.
that binds its receptor VEGFR-3, restores a functional lymphatic vasculature in models of lymphedema, chronic inflammatory bowel diseases, and lung allografts (6) (7) (8) . Recently, VEGF-C appeared ineffective in improving lymphatic function in a mouse model of MI (2) . Altogether, these observations demonstrate that identifying novel actors in the maintenance of vascular integrity remains a crucial challenge to restore heart function. In particular, the lipid mediator sphingosine-1-phosphate (S1P) has recently emerged as a potent mediator of vascular integrity (9, 10) . In addition, the bioactive peptide apelin is a critical player in both lymphangiogenesis and angiogenesis (11) (12) (13) . Apelin promotes lymphatic development in zebrafish (14) and, despite normal embryonic lymphatic vessel development in apelin-deficient mice (15) , a link between apelin and the lymphatic endothelium has been clearly established in pathological models. Apelin promotes tumor lymphangiogenesis and lymph node metastasis (16) . In diet-induced obesity mouse models, the lack of apelin leads to hyperplasia and abnormal leakiness of lymphatic vasculature, suggesting a role in maintaining lymphatic wall integrity (17) .
In the present study, we demonstrate that apelin plays a key role in cardiac lymphatic vasculature. Our data reveal that apelin-deficient mice exhibit abnormal dilated and leaky lymphatic vasculature associated with a proinflammatory status. Conversely, we provide evidence that in the pathological setting of MI, overexpression of apelin protects the lymphatic vasculature organization and function and its cardiac microenvironment. In addition, we found that apelin regulates the secretion of S1P in lymphatic endothelial cells (LECs) and maintains the integrity of cellular junctions. Therefore, our work highlights potentially novel perspectives to counteract pathological remodeling of lymphatic vasculature in a broad array of inflammatory and cardiovascular diseases.
Results
The cardiac lymphatic system. To obtain a comprehensive view of the lymphatic drainage in adult heart, we first performed paraffin and cryosection analyses along the heart from the apex through the atrioventricular (AV) junction. Most of the lymphatic vessels were located at the epicardial and subepicardial surface of the heart ( Figure 1 , A and B, and Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.93887DS1). A low-density lymphatic network starting at the apex progressively appeared at higher density to cover the entire epicardial surface along the ventricular region ( Figure 1B and Supplemental Figure 1B ). Larger lymphatic vessels were seen in the epicardium and in the vicinity of the right ventricle septum, whereas the myocardium contained mainly capillaries defined as LYVE-1 positive but CD45 negative ( Figure 1C and Supplemental Figure 1C ). Interestingly, we found the presence of lymphatic vessels in the tricuspid and mitral valves ( Figure 1D ), suggesting a potential role of the lymphatic vasculature in the pathophysiology of cardiac valvular diseases. To further define the identity of cardiac LECs, we performed the immunodetection of lymphatic vessels using podoplanin, VEGFR-3, and NRP2 antibodies. We observed that all of the LEC markers were found in larger lymphatic vessels, whereas podoplanin was absent from myocardial lymphatic capillaries ( Figure 1E and Supplemental Figure 1D ). Based on our findings, we could envision a bidirectional drainage of the heart: a centrifugal drainage from the myocardium to the subepicardium and an ascending drainage from the apex to the AV junction. This hypothesis was confirmed by the visualization of Evan's blue drainage injected in the apex or in the myocardium ( Figure 1F ). The lymph drainage is represented in the schematic cartoon in Figure 1G .
MI induces a long-term dysfunctional lymphatic network. To examine the post-MI lymphatic remodeling, we generated a mouse model of MI with reduced cardiac systolic function (Supplemental Table 1 ) and performed whole-mount staining of cardiac lymphatic vessels with an LYVE-1 antibody. We observed 2 weeks after MI a necrotic area in the left ventricle corresponding to the ischemic zone with a rarefaction of the lymphatic system, whereas the right ventricle lymphatic system was not affected (Figure 2A ). Six weeks after MI, the left ventricular wall thickness was increased due to cardiac remodeling. The lymphangiogenic process appeared disorganized with abnormal vessel morphology in the infarcted zone. Surprisingly, the growth of dilated and tortuous lymphatic vessels extended throughout the right ventricle, indicating a strong stimulation of the lymphatic vasculature beyond the ischemic zone (Figure 2A) . Moreover, we examined in greater detail the remodeling of lymphatic vasculature by 2-photon microscopy using LYVE-1 immunostaining associated with the second harmonic generation to observe the arrangement of collagen fibers ( Figure 2B ). Two weeks after MI, disrupted lymphatic vessels were observed close to the infarcted zone, while lymphatic vessels in the ventral part were unaffected and associated with distinct collagen fibers. At 6 weeks after MI, the lymphatic network was disrupted with large, dysfunctional, and hyperplastic lymphatic vessels associated with disorganized collagen fibers ( Figure 2B ). This information is in line with a dysfunctional drainage of lymphatic vessels previously reported in rat model of myocardial infarction (2) . To further characterize the remodeling of post-MI lymphatic vessels, we performed immunodetection of the lymphatic vessels on heart cryosections after ischemia. We observed an increase of enlarged lymphatic vessels in the edge of the infarct zone 2 weeks after MI that developed through the right and left periventricular zones at 6 weeks after MI ( Figure 2C and Supplemental Figure 2A ). We remarkably found that the developing lymphatic vasculature, positive for VEGFR3 and podoplanin, exhibited a dilated morphology in the infarct and noninfarct zone (Supplemental Figure 2 , B-D and Figure 2C ). We found that the cardiac lymphangiogenesis mainly occurred in the epicardium and rarely in the septum ( Figure 2D ). Importantly, this dilated morphology was maintained up to 6 weeks after MI (Figure 2 , E and F), suggesting that long-term heart tissue injury generates the incapacity of lymphatic vessels to return to physiological morphology.
We next studied isolated cardiac LECs from mouse heart to define the molecular signature of lymphatic endothelium associated with cardiac remodeling. The entire heart, except for the atrium, was taken for analysis. We defined LECs in WT adult heart as CD45 -CD31 + Lyve-1 + by cytometric analysis. LECs represented 3.2% of the CD45 -CD31 + population, whereas 96.7% were blood endothelial cells (BECs) ( Figure 2G ). We confirmed the identity of cardiac LECs by the expression of the lymphatic markers Lyve-1, Prox-1, Pdpn (podoplanin), as well as Vegfr3 by quantitative reverse transcription PCR (RT-qPCR) compared with BECs ( Figure 2H ). Gene expression analysis was next performed in isolated LECs from ischemic Activated cardiac LECs express apelin and its receptor APJ. Despite a well-established role of apelin in the regulation of cardiac contractility and angiogenesis (18) (19) (20) , its role in cardiac lymphatic endothelium has to the best of our knowledge never been explored. To address this issue, we first analyzed by RT-qPCR the expression of Apln (apelin) as well as its receptor APJ in the ischemic area 2 days, 1 week, and 1 month after MI ( Figure 3 , A and B). In parallel, we measured the expression of lymphangiogenic factors Vegf-C and Vegf-D and their receptor Vegfr3 ( Figure 3C ). We noted a striking expression of Apln 2 days after MI, whereas the long-term post-MI level of the receptor APJ increased, as previously reported (21), suggesting an activation of the apelin/APJ signaling in early days through the reparative phase of MI. As expected, Vegf-C and Vegf-D expression was not induced 2 days after MI but progressively increased from 1 week to 4 weeks after MI, suggesting the stimulation of lymphangiogenesis at a later stage of MI ( Figure 3C ). The increase of Vegfr3 at 2 days after MI may correlate with its critical role in adaptive and innate immunity.
To investigate the role of apelin/APJ signaling in lymphatic endothelium, we next evaluated the localization of apelin and APJ expression in cardiac LECs by immunohistochemistry. Although neither protein was detected on quiescent cardiac lymphatic vessels ( Figure 3D ) or in early post-MI days (data not shown), we visualized the localization of the receptor APJ on activated lymphatic vessels 6 weeks after MI (Figure 3D) . Similarly, apelin expression was partially associated with cardiac lymphatic vessels in post-MI heart ( Figure 3D ). Importantly, APJ was only observed in the growing lymphatic vessels within the infarct zone, suggesting a specific requirement of apelin/APJ signaling in a pathological microenvironment. We observed consistent heterogeneity in APJ expression on lymphatic endothelium where only a subset of cells forming lymphatic vessels expressed APJ. Therefore, we conclude that the receptor APJ is strongly regulated spatially and temporally in activated lymphatic endothelium. Taken together, our data document a role for apelin/APJ signaling in newly formed lymphatic vessels that undergo ischemic stress.
Abnormalities of lymphatic vasculature in apelin-KO mice are associated with a proinflammatory condition. To determine whether apelin regulates lymphatic vessel development, we initially analyzed the lymphatic vasculature in apelin-deficient mice. In agreement with the literature (15), the density of lymphatic vasculature at the subepicardial surface of the heart was similar in apelin-deficient mice and control mice. However, a prominent enlargement of lymphatic vasculature was observed in apelin-KO mice ( Figure 4 , A and B). Our finding was also confirmed in ear skin and back dermal skin tissue, indicating that the dilation of lymphatic vessels is an overall phenotype in apelin-KO mice and not organ specific (Supplemental Figure 3, A-D) . The lack of apelin had no effect on the lymphatic vessel branching and density compared with control, whereas we noted an increase in the diameter of lymphatic vessels (Supplemental Figure 3 , B and C). The presence of highly dilated lymphatic vessels in apelin-deficient mice suggests a disrupted lymphatic drainage leading to overloaded vessels (Supplemental Figure 3D) . To evaluate whether changes in lymphatic morphology correlate with compromised lymphatic drainage, we performed skin lymphography by injecting FITC-dextran into mouse footpads. We observed prominent leakage of the lymphatic system associated with a dermal backflow of the dye in apelin-KO mice (Supplemental Figure 3E ). and associated with disordered collagen fibers (arrowheads) close to the infarcted zone, while the lymphatic network on the ventral part is not affected. Note the presence of well-organized collagen fibers (arrows). Six weeks after MI, a strong, disorganized, and hyperplastic lymphatic network near the infarct zone that propagates to the opposite side of the MI can be seen. (C) Representative images of heart cross-section stained for LYVE-1, NRP2, and CD31 showing the remodeling of lymphatic vasculature after MI. Enlarged lymphatic vessels appear at the infarct border zone at 2 weeks after MI. Note that at 6 weeks after MI, dilated vessels are also present at a distance in the noninfarct zone. (D) LYVE-1-positive vessel density in the subepicardium and septum (n = 4-9, 20 fields were counted per condition). *P < 0.004. (E) Number of open lymphatic vessels located at the subepicardial surface of the heart in sham and 6 weeks after MI (n = 4-9, 20 fields were counted per condition). *P < 0.0001. (F) Area of lymphatic vessels expressed as percentage of vessels less than or greater than 500 μm 2 (n = 4-5, 40 vessels were counted per condition). *P < 0.0017. (G) Representative panel showing the endothelial cell (EC) populations defined as CD45 -and CD31 + . The LYVE-1 marker allows us to differentiate the lymphatic ECs (LECs) that represent only 3.2%, while blood ECs (BECs) represent 96.7% in healthy heart. (H) Expression of known lymphatic markers in isolated cardiac LECs compared with BECs in normal heart. Nine or 10 hearts were pooled together to sort ECs; data represent mean ± SD, n = 3. (I) Gene expression in cardiac-isolated LECs from sham mice or 6 weeks after MI. Note the expression of prolymphangiogenic receptor CXCR4 and the expression of inflammatory mediators such as CCL21 and D6. Nine or 10 hearts were pooled together to sort ECs; data represent mean ± SD, n = 4. *P < 0.001, **P < 0.0005. Statistical analysis was done with Student's t test (D and E) or 1-way ANOVA with Bonferroni post-hoc test (F and I). Scale bars: 50 μm (B and C).
The lymphatic vasculature provides local information by facilitating the trafficking of immune cells from tissues to the lymph nodes. Hyperpermeability and enlarged lymphatic vessels suggest the development of basal tissue inflammation in apelin-deficient mice. Therefore, we analyzed the lymphatic vasculature in apelin-KO mice lymph nodes. Interestingly, apelin-KO mice have an expanded lymphatic network within inguinal and mesenteric lymph nodes, thus indicating the presence of a proinflammatory status (Supplemental Figure 4) . We next used flow cytometric analysis to assess the distribution of immune cell populations in the heart of apelin-KO mice compared with control mice. Although we did not observe any change in the ratio of CD3-positive T lymphocytes, we found a consistent increase in the amount of CD19-positive B lymphocytes in apelin-KO (27.3% ± 3.4%) compared with control mice (15.9% ± 1.4%) ( 
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-M1-like macrophage subset in apelin-KO mice ( Figure 4 , E and F). Our data indicate a change in the macrophage population towards an M1-like proinflammatory phenotype in apelin-KO mice. Interestingly, the macrophage population positive for CD45, CD11b, and LYVE-1 decreased in apelin-KO mice to 33.9% ± 3.2% compared with 46.7% ± 3.8% for control (Figure 4 , E and F). LYVE-1 + macrophages often located close to the lymphatic vasculature have been shown to play an important role in the morphogenesis and remodeling of the lymphatic vasculature (22) . Taken together, these data reveal a previously undescribed remodeling of lymphatic vasculature in adult apelin-KO mice and support the idea of an important role of apelin in the maintenance of antiinflammatory status. Conversely, an imbalance of apelin level may favor the development of a proinflammatory condition associated with an enlarged and dysfunctional lymphatic network.
The lack of apelin exacerbates a proinflammatory response and worsens abnormalities of lymphatic vasculature in MI. Infiltration of immune cells and edema are hallmarks of early-stage MI. Therefore, we investigated the phenotype of lymphatic vasculature by immunostaining using LYVE-1 and CD31 antibodies 4 days after MI. Remarkably, we observed the presence of enlarged and hyperplastic lymphatic vessels in the subepicardium close to the peri-infarct or within the infarct zone ( Figure 5A ). In contrast, lymphatic density was not modified, suggesting a sudden adaptation of lymphatic vessels to edema in response to heart injury (data not shown). We have previously demonstrated that apelin is crucial in the maintenance of a functional lymphatic vasculature. We found that cardiac lymphatic vessels in apelin-deficient mice 4 days after MI exhibited dilated morphology as observed in control mice, which is probably due to the maximum capacity of lymphatic vessels reached in apelin-KO mice (Supplemental Figure 5) . Remarkably, the infiltration of CD68 + macrophages and the expression of the proinflammatory cytokine TNF-α were greatly increased in apelin-KO mice after acute MI ( Figure 5 , B and C). In agreement with these results, we found that apelindeficient mice displayed a 6-fold increase in CCL21 expression and a 2-fold increase in the expression of the lymphangiogenic factors VEGF-C and VEGF-D compared with control mice ( Figure 5D ). These results correlated with an increase in lymphatic vessel density 6 weeks after MI ( Figure 5E ). Taken together, our data indicate that the lack of apelin potentiates a proinflammatory response in the acute phase of MI.
Apelin regulates lymphatic vessel maturation and cardiac homeostasis. We next aimed to clarify a potential beneficial role of apelin after MI and generated an apelin-overexpressing lentivector to transduce the myocardium. In our model, long-term overexpression of apelin was not sufficient to significantly improve cardiac function, yet we measured a consistent decrease in cardiac fibrosis ( Figure 6 , A and B, and Supplemental Figure 6, A and B) . To further decipher the molecular mechanisms underlying apelin's role in cardiac ischemia, we performed gene expression analysis related to cardiac hypertrophy, matrix remodeling, and inflammation. Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) expression are upregulated in conditions of heart failure, cardiac hypertrophy, and fibrosis (23) . We found that apelin limits the post-MI expression of ANP, suggesting a protective role of apelin in cardiac homeostasis (Figure 6C) . Apelin also exerts its cardioprotective action by limiting cardiac fibroblast activation through sphingosine kinase 1 inhibition (24). Consistent with this report, we showed that apelin has a beneficial + CD206 -and CD11b + LYVE-1 + (n = 6-8 per group, percentage of CD11b-positive cells ± SEM). *P < 0.04, **P < 0.02. Statistical analysis was done with Student's t test. Scale bars: 100 μm (A). APL, apelin. effect on collagen, metalloproteases, hyaluronan synthase 1, and sphingosine kinase 1 expression ( Figure 6D ). Of note, the proinflammatory mediators TNFα and IL1β were also reduced in the presence of apelin ( Figure 6E ). These data correlate with a diminution in CD68 + macrophage infiltration in the ischemic heart in the presence of apelin (Figure 6 , F and G). Importantly, lymphatic vessels acquired a regular morphology and wellshaped organization ( Figure 6H) . Interestingly, the number and the dilation of lymphatic vessels were remarkably decreased, suggesting that apelin/APJ signaling promotes the maturation of developing lymphatic vasculature after cardiac ischemia ( Figure 6 , I-K). Taken together, our data highlight a beneficial role of apelin in the cardiac microenvironment associated with functional lymphatic vascular repair after MI.
Apelin regulates S1P secretion and cell-cell junction integrity in LECs. Apelin expression is strongly induced by hypoxic stress (25) . We next deciphered the molecular mechanism by which apelin controls lymphatic vessel maturation by performing an in vitro study in LECs. First, we measured the effect of hypoxia on the expression of apelin in LECs. As expected, we found an upregulation of apelin (26) and the prolymphangiogenic receptor CXCR4 (27) under hypoxic conditions versus normoxia (Supplemental Figure 7A) . Apelin expression was induced after 8 hours under hypoxia in LECs (Supplemental Figure 7B) , and the apelin peptide was detected at the LEC membranes at 24 hours by immunostaining (Supplemental Figure 7, C and D) . As the integrity of the lymphatic endothelium is crucial to its function, we next investigated the consequence of hypoxic stress on the organization of lymphatic cell-cell junctions in vitro. Interestingly, hypoxia significantly decreased the abundance of VE-cadherin at cellular junctions, which is associated with cortical actin cytoskeleton disassembly ( Figure 7, A and B) . Therefore, we wondered whether apelin could modulate the barrier integrity of LECs in vitro under hypoxic conditions. To test this, LECs were transduced either with GFP-or apelin-lentiviral vector and then cultured under hypoxic conditions. Apelin expression was first confirmed in transduced LECs ( Figure 7C ). The presence of apelin prevented the loss of VE-cadherin expression in cell-cell junctions under hypoxic conditions (Figure 7, D and E) . A similar finding was also observed in LECs in coculture with myoblast H9C2 cells transduced with apelin (Supplemental Figure 7E) . Because VE-cadherin is the main regulator of vascular permeability, we validated that apelin prevents the permeability induced by hypoxia ( Figure 7F) . Altogether, our in vitro data demonstrate a beneficial role of apelin (10, 28) . Therefore, we next wondered whether apelin in LECs could regulate the level of S1P to maintain the stability of lymphatic endothelium. S1P is generated intracellularly by the action of sphingosine kinase that phosphorylates sphingosine and is exported out of the cells by the S1P-specific transporter SPNS2 to exert an autocrine or paracrine action (29, 30) . Interestingly, apelin induces the expression of the sphingosine kinase 2 and SPNS2 on LECs ( Figure 7G ). We validated our result in LECs constitutively expressing apelin and noted a 5-fold increase in gene expression ( Figure 7H ) and a significant elevation of S1P quantity in conditioned media ( Figure 7I ). Taken together, our results reveal a possible mechanism by which apelin modulates S1P secretion in LECs and maintains the barrier integrity of the lymphatic endothelium.
Discussion
Improving lymphatic network integrity has recently emerged as a crucial target for cardiovascular disorders. The principal challenge related to improvement of lymphatic function is to identify bioactive molecules possessing an inherent reparative ability. It has been clearly established that VEGF-C/VEGFR3 signaling contributes to cardiac lymphatic development (3, 31) . Nevertheless, VEGF-C alone is not sufficient to restore the integrity of the post-MI lymphatic endothelium (2) . Here, we found that apelin controls the functional stability of lymphatic endothelium in cardiac ischemia. In particular, our study highlights a potentially novel mechanistic insight into apelin-induced S1P secretion in LECs.
The heart contains a comprehensive lymphatic network mainly composed of blunted-end capillaries in the myocardium and larger collecting vessels located at the subepicardial surface of the heart. We demonstrated that those larger collecting vessels in adult heart are VEGFR3 hi CD31 lo podoplanin hi NRP2 hi , while intramyocardial lymphatic capillaries are negative for podoplanin. A lack of podoplanin in adult mice reduces dendritic cell migration to lymph nodes (32) . The presence of podoplanin in cardiac collecting lymphatic vessels emphasizes the potential role of lymphatic vessels in facilitating the trafficking of immune cells in response to inflammation-related cardiovascular diseases. Intriguingly, the majority of lymphatic vessels in rat heart are intramyocardial lymphatic capillaries that drain fluid centrifugally towards the epicardium (2). We show in mouse heart a low level of intramyocardial lymphatic vessels compared with an abundant lymphatic network located at the subepicardial surface of the heart, suggesting anatomical differences in the lymphatic network between species. Interestingly, we and others (33, 34) observed an important network of lymphatic vessels in heart valves, suggesting that lymphatic vessels may contribute to resolving inflammation and fibrosis in valvular pathologies. Indeed, recent studies have reported a strong remodeling of lymphatic vasculature in various cardiovascular diseases (35) , yet the molecular mechanisms underlying the maintenance of a functional lymphatic network in cardiac diseases are still poorly described. Our study reveals that the dilation of lymphatic vasculature occurs early after MI and correlates with edema and immune cell infiltration. Although the lymphatic vasculature is a key player in the immune response, its role in the acute phase of MI remains to be elucidated. Remodeling of the lymphatic system has been recently proposed to participate in edema and tissue fibrosis in MI (2, 36) . We provide evidence that the lymphangiogenic process occurs in the periphery of the ischemic zone 2 weeks after MI and extends to the right ventricle 6 weeks after MI. However, this newly formed lymphatic network associated with disrupted collagen fibers in the ischemic area is highly disorganized, tortuous, and dilated. This anarchic growth of lymphatic vessels correlates with the development of dysfunctional vessels (2) . Therefore, we examined the mechanisms underlying a functional recovery of lymphatic vasculature. Apelin plays a critical role in protecting the cardiac microenvironment, regulating the behavior of extravascular cells (immune cells, fibroblasts) and blood vasculature. The observation that improvement of the post-MI cardiac lymphatic network requires apelin was first derived from the finding that the presence of the receptor APJ was only detected on activated lymphatic endothelium in ischemic heart, whereas no expression was found on quiescent vessels. Although apelin/APJ is not required during embryonic lymphatic development (15), our results highlight a restrictive role of apelin/APJ during pathological lymphangiogenesis after MI, suggesting that apelin/ are the mean ± SD). *P < 0.05. Ap, apelin; my-HC, myosin heavy chain; BNP, brain natriuretic peptide; ANP, atrial natriuretic peptide; TIMP1, TIMP metallopeptidase inhibitor 1; Col1a1, collagen I; Col3a1, collagen III; MMP, metalloproteinase; SPHK1, sphingosine kinase 1; HAS1, hyaluronidase synthase 1. Statistical analysis was done with 1-way ANOVA with Bonferroni post-hoc multiple comparison test (C-E) or Student's t test (B, G, I, J, and K). Scale bars: 100 μm (A and H) and 50 μm (F). APJ signaling may favor metabolic adaptation of LECs in the ischemic zone. Previous studies highlighted a strict spatiotemporal regulation of apelin/APJ during blood development. In the retina, apelin is strongly upregulated in the tip cells of developing blood vessels, while the expression of the receptor APJ is mainly observed in stalk cells during vessel remodeling (37, 38) . Here, we frequently observed heterogeneous expression of APJ on activated LECs, indicating that APJ is tightly regulated during lymphatic growth. In light of the literature, we hypothesize that APJ is required on activated lymphatic endothelium, whereas its expression may be downregulated on stabilized lymphatic endothelium.
Remarkably, adult apelin-deficient mice exhibit baseline abnormalities of lymphatic vasculature associated with functional defects. Enlarged and hyperplastic lymphatic vessels in apelin-deficient mice were mainly observed at the subepicardial surface of the heart. This finding points out the clinical importance of this superficial lymphatic network in limiting cardiac interstitial edema, inflammatory cells, and tissue metabolites from the myocardium to maintain heart function. In addition, this alteration of lymphatic vasculature in apelin-KO mice was accompanied by a polarization of macrophages towards the M1 proinflammatory phenotype, suggesting a defect in the lymphatic barrier in protecting from edema and immune cell trafficking. These observations are in accordance with previous literature showing that apelin has an antiinflammatory action (39) . Here, our data further indicate that the alteration of lymphatic vessels may account for the development of the proinflammatory condition. In line with these findings, we observe that the lack of apelin induces a deleterious microenvironment characterized by an increase in inflammatory mediators and immune cell infiltration after MI. Although apelin-deficient mice have normal cardiac function, these mice exhibit a susceptibility to heart failure and reduced heart contractility in aging mice (40, 41) . Lymphatic vessel dysfunction associated with the accumulation of immune cells in cardiac tissue could in part explain the increase of susceptibility to MI in apelin-deficient mice. Despite the vascular (40) and lymphatic defects observed in apelin-deficient mice, we detected an increase in lymphatic vessels in these mice that overcomes the critical phase of acute MI. This observation is in line with the hypothesis that the activation of lymphatic vessels in early-phase MI may have a beneficial role in stimulating lymphangiogenic growth in the chronic phase of MI. Apelin has a pleiotropic action, facilitating cardiomyocyte contractility (19, 42) and angiogenesis (21, 43) , but also limiting inflammation (39) and lowering blood pressure (18, 44) . Although the expression of APJ argues for a direct role of apelin in lymphatic endothelium, all of these effects of apelin on the cardiac microenvironment may indirectly influence the lymphatic function. It would be of interest to investigate the function of APJ specifically in lymphatic endothelium by generating a lymph-specific APJ-KO mouse model. Taken together, using in vivo loss-or gain-of-function mouse models, our studies argue for a role of apelin in the stabilization of lymphatic vasculature in pathological settings.
Hypoxia induces strong expression of apelin in cardiomyocytes in vivo and in vitro (25) . Although LECs are capable of producing apelin under hypoxic conditions in vitro, we cannot exclude the importance of cardiomyocytes as a potent source of apelin in the heart, arguing for a paracrine effect of apelin on lymphatic endothelium. Hypoxia is a driving force of tumor lymphangiogenesis (45) . In that context, developing lymphatic vessels are more permeable and unstable, which is an aggravating factor in tumor metastasis. Hypoxia-induced angiogenesis and lymphangiogenesis is crucial to improve the healing of the infarcted zone. Of interest, hypoxia alters the stability of LEC junctions in vitro, indicating defective junctional and mechanical properties under hypoxic stress. Importantly, we observed a beneficial role of apelin in lymphatic barrier integrity. Furthermore, apelin limits VEGF-mediated hyperpermeability of BECs (12) , indicating an important role of apelin in cell-cell junction stabilization.
The barrier integrity of lymphatic endothelium is crucial to limiting persistent edema and inflammation after MI. Among the few factors described to improve vascular function, the bioactive sphingolipid S1P is well known to control the integrity of the blood vasculature by enhancing adherens and tight junction formation (46) (47) (48) . Recent work has shown that S1P also regulates the maturation of lymphatic cell-cell junctions in vivo (10) . As lymphatic function is highly dependent on the junctional organization of lymphatic endothelium, we next wondered whether apelin could regulate S1P levels in LECs. LECs are the major source of S1P in lymph (10, 30) . The concentration of S1P in lymph is dependent on the RT-qPCR in LECs stimulated by the peptide apelin (n = 3 independent experiments, data represent the mean ± SD). *P < 0.04, **P < 0.01. (H) Expression SPHK2 and SPNS2 in LECs transduced with GFP or apelin lentivector (n = 3 independent experiments). **P < 0.01. (I and J) Sphingosine-1-P (S1P) secretion in media (I) and cellular extracts (J) of LECs (n = 3 independent experiments). *P < 0.05. Statistical analysis was done with 1-way ANOVA with Bonferroni post-hoc multiple comparison test (G and H) or Student's t test (B, C, E, F, I, and J). Scale bars: 20 μm (A and D) . action of sphingosine kinase intracellularly and its export into the extracellular space. SPNS2 has recently been shown to specifically regulate S1P secretion into lymph by LECs (30) . Here, we provide evidence that apelin regulates the expression of sphingosine kinase 2 and the transporter SPNS2 that results in the elevation of S1P. We have identified a potentially novel mechanism through which the biopeptide apelin regulates S1P secretion. S1P gradients have emerged as key regulators of the trafficking of many types of immune cells. Intriguingly, apelin-deficient mice display a proinflammatory status in heart tissue. Although we could not exclude a direct role of apelin in immune cells, an imbalance of the S1P gradient in vascular and/or lymphatic vasculature may explain this phenotype. It thus remains to be determined whether the level of S1P in lymph promotes lymphatic maturation and the trafficking of immune cells in mice following cardiac ischemia.
In conclusion, the present study highlights that apelin contributes to lymphatic vessel function, and thus cardiac homeostasis. It is particularly interesting to note that half of patients with heart failure have a preserved cardiovascular function but have multiple cardiac abnormalities such as ventricular and vascular stiffness. In that context, restoration of lymphatic function based on lentivector-associated lymphangiogenic therapy may be an interesting strategy to preserve a healthy cardiac microenvironment. In regard to these observations, we could propose a combination of VEGF-C and apelin as a lymphangiogenic therapy in ischemic disorders.
Methods
Details for materials and methods are available in the Supplemental Data.
Mouse strains. WT mice on the C57BL/6 background were provided by Janvier. Apelin-deficient mice have been previously described (41) . Animal experiments were conducted in accordance with recommendations of the European Convention for the Protection of Vertebrate Animals used for experimentation. All animal experiments were performed according to the INSERM IACUC guidelines for laboratory animals' husbandry and have been approved by the local branch Inserm Rangueil-Purpan of the Midi-Pyrénées ethics committee. Apelin-KO mice were obtained from Philippe Valet. WT mice on the C57BL/6 background (provided by Janvier) were used as controls. All mice were from 8 to 10 weeks old. A complete description of the experimental procedure regarding MI is described in the Supplemental Data.
Flow cytometry and cardiac LEC isolation. Hearts cut into small pieces were dissociated with Liberase enzyme (Roche) for 10 minutes at 37°C. Supernatants were filtered through a 100-μm cell strainer into a 50-ml tube on ice. After lysis of erythrocytes (RBC Lysis Buffer, eBiosciences), cells were filtered through a 40-μm cell strainer. Cells were incubated with Fc blocking antibody CD16/CD32 (eBiosciences, catalog 16-0161) for 30 minutes, and then stained with the following antibodies on ice for 30 minutes: APC-CD31 (catalog 561814) and BB515-CD45 (catalog 564590) (both BD Pharmingen), LYVE-1-PE (R&D Systems, catalog 223322), CD19-PercP-vio700 (catalog 130-102-237), CD3-PE-vio770 (catalog, 130-109-881), CD11b-PE-vio770 (catalog, 130-109-365) (all 3 from Miltenyi Biotec), and PercP/Cy5.5 CD206 (Biolegend, catalog 141715). Dead cells were excluded form analysis using Live/Dead Violet staining (Invitrogen). Flow cytometry was performed using a BD Fortessa cytometer and FACSDiva software analysis.
For cardiac LEC isolation, 9-10 hearts from WT mice were pooled to isolate cardiac LECs. We performed the same experiment for sham mice and post-MI mice. LECs from hearts were dissociated as described previously using LYVE-1-PE, CD45-BB515, and CD31-APC antibodies. LECs (LYVE- ) were separated using a BD influx cell sorter. Isolated cells from all experiments were used immediately for RNA preparation.
RNA isolation and RT-qPCR analysis. Total RNA from in vivo-isolated cells and in vitro LECs were extracted with an RNAqueous-Micro Kit (Ambion). cDNA synthesis was carried out using superscript Vilo enzyme (Invitrogen). For primary LECs, we used High-Capacity cDNA reverse transcriptase (Applied Biosystems). RNA isolation from ischemic heart was carried out with TRIzol reagent (Ambion). RT-qPCR reactions were carried out on an ABI StepOne (Applied Biosystems).
Immunohistochemistry and image analysis. Cardiac lymphangiogenesis was determined from paraformaldehyde-fixed (PFA-fixed) paraffin or cryostat sections. Sections were numbered from the apex to the AV region in order to have a consistent and reproducible analysis: each slide was separated by 60 μm with a gap of 250 μm every 10 slides. Analysis on paraffin sections was done with anti-LYVE-1 antibody followed by secondary antibody (Impress reagent kit, Vector labs) and DAB (Vector labs). Immunofluorescence on
